Neutrophil (polymorphonuclear leukocyte, PMN) recruitment in the liver sinusoid takes place in almost all liver diseases and contributes to pathogen clearance or tissue damage. While PMN rolling unlikely appears in liver sinusoids and Mac-1 or CD44 is assumed to play respective roles during in vivo local or systematic inflammatory stimulation, the regulating mechanisms of PMN adhesion and crawling dynamics are still unclear from those in vivo studies. Here we developed a two-dimensional in vitro sinusoidal model with primary liver sinusoidal endothelial cells (LSECs) and Kupffer cells (KCs) to investigate TNF-α-induced PMN recruitment under shear flow. Our data demonstrated that LFA-1 dominates the static or shear resistant adhesion of PMNs while Mac-1 decelerates PMN crawling on LSEC monolayer. Any one of LFA-1, Mac-1, and CD44 molecules is not able to work effectively for mediating PMN transmigration across LSEC monolayer. The presence of KCs only affects the randomness of PMN crawling. These findings further the understandings of PMN recruitment under shear flow in liver sinusoids.
Introduction
Liver is the largest organ with the functions of biosynthesis, metabolism, digestion, detoxification, and immunity. Various infectious or noninfectious factors such as hepatic virus, bacteria, parasite, alcohol intake, ischemia-reperfusion (I/R) and trauma can cause liver inflammation and damage. Almost in all kinds of liver diseases, neutrophils (polymorphonuclear leukocytes, PMNs) serve as an essential cell type for innate immune responses and PMN infiltration into hepatic tissue is widely observed to posses its function as a doubleedged sword [1, 2] . That is, PMNs can clear those infectious pathogens and damage tissue debris [3] [4] [5] , whereas inappropriate accumulation of PMNs in liver microcirculation leads to severe tissue injury during drug-induced acute liver inflammation [6] [7] [8] , I/R damage [9, 10] , alcohol liver disease [11, 12] , and other diseases. Thus, characterizing PMN recruitment in liver during hepatitis and liver injury are critical for understanding molecular mechanisms and potential clinical therapy.
PMN recruitment in liver mostly takes place in the capillary-like sinusoids rather than post-capillary venules which are the main locations for leukocyte infiltration in other tissues [13] [14] [15] . The liver sinusoid is a specialized capillary network with narrow luminal diameter (7-15 µm), slow blood flow (0.1-1 dyn/cm 2 ) [16] [17] [18] , and is lined with fenestrated selectin-deficient liver sinusoid endothelial cells (LSECs) and liver resident macrophage Kupffer cells (KCs) [19] . All these features make the sinusoid a unique passage for flowing PMNs and affect their recruitment. Unlike the classical recruitment cascade which is initialed by selectin-mediated tethering and rolling, no rolling of PMNs is found in the inflammatory liver sinusoids, suggesting that selectins play null roles in PMN recruitment into sinusoids [20] . Since the absence of these traditional fast-kinetics adhesion molecules, it is hypothesized that PMN arrest occurs physically upon confined space and slow flow in the sinusoids [14, 21, 22] . In classical inflammatory cascade, LFA-1 and Mac-1, two β2 integrins expressed on PMNs, mediate PMN adhesion and crawling which are correlated to their respective molecular structures and distinct binding affinities [23, 24] . However, the role of these adhesive molecules in the liverspecific PMN recruitment is diverse and not known clearly. On one hand, a body of evidences indicates that PMN migration in septic liver is independent on traditional adhesive molecules such as selectins, β2 integrins, intercellular adhesion molecule 1 (ICAM-1) and α4 integrins [13, 14, 18, 20, 22, 25, 26] . On the other hand, distinct adhesive molecules have unraveled liver-specific PMN recruitment under different inflammatory conditions. For example, Mac-1 dominates PMN recruitment in liver with local myxoma virus infection or fMLF stimulation, while the role of CD44-hyaluronan (HA) interactions is emerged with systemic LPS stimulation since Mac-1 expression is down-regulated by KCsecreted IL-10 [18, 25, 27] . Therefore, it is crucial to elucidate the respective contributions of those adhesive molecules in PMN recruitment in liver sinusoids under blood flow.
After being arrested on endothelial cells, PMNs need to crawl on the vessel wall to find proper emigration sites, cross the endothelium into the tissue, and finally execute their immune response functions. Although intraluminal crawling is a prerequisite for PMN transendothelial migration, the molecular mechanisms of PMN crawling have not been extensively investigated in contrast to those for cell adhesion and emigration processes. Only a few works indicate that Mac-1 and its endothelial ligands ICAM-1 and ICAM-2 are the major adhesive molecules involved in intraluminal crawling [28] [29] [30] . Specifically in liver sinusoids, PMN crawling percentage and velocity are down-regulated in ICAM-1 −/− or Mac-1 −/− mice during local fMLF stimulation or focal hepatic necrosis [25, 31] . Understanding molecular mechanisms of PMN intraluminal crawling in the sinusoids is specially meaningful due to its featured biomechanical microenvironment of confined space and slow flow, which has been little known.
Here we applied a two-dimensional (2D) live-cell flow chamber assay to decipher the multistep process of PMN recruitment on LSEC monolayer under physiological flow [32] . Shear-resistant cell adhesion was quantified and flow-induced cell crawling was analyzed for fMLFactivated PMNs on TNF-α-stimulated LSECs. Related molecular regulations of LFA-1, Mac-1, and CD44 were determined. The presence of KCs in PMN recruitment in liver sinusoids were also discussed. 
Materials and methods

Ethics statement
All animal experiments were conducted in accordance with the guidelines of the Institutional Animal and Medicine Ethical Committee (IAMEC), and all the protocols were approved by the IAMEC at the Institute of Mechanics, Chinese Academy of Sciences.
Reagents
FITC-conjugated rat-anti-mouse CD11b (M1/70), FITC-conjugated rat-anti-mouse CD11a (M17/4), Alexa Fluor 647-conjugated rat-antimouse CD44 (1M7), APC-conjugated rat-anti-mouse ICAM-1 (YN1/ 1.7.4), as well as rat-anti-mouse blocking monoclonal antibodies (mAbs) against CD11a (M17/4) and CD11b (M1/70) were purchased from BioLegend (San Diego, CA). PE-conjugated human-anti-mouse F4/80 and FITC-conjugated rat-anti-mouse CD146 mAbs were from Miltenyi Biotec (Bergisch Gladbach, Germany). Rat-anti-human CD44 (Hermes-1) blocking mAbs were from Abcam (Cambridge, UK). Recombinant mouse TNF-α was from R & D (Minneapolis, MN), and bovine serum albumin (BSA) was from Bovogen (Melbourne, Australia).
Murine PMN isolation
PMNs were freshly isolated from the bone marrow of 8-12-weekold male C57BL/6 mice (Vital River Laboratories, Beijing, China). The bone marrow was flushed with Dulbecco's phosphate-buffered saline (DPBS) supplemented with 0.5% BSA and 2 mM EDTA from the femur and tibia. The single cell suspension was obtained by careful pipetting and filtration through 70-μm pore size nylon mesh cell strainer (BD Biosciences, Franklin Lakes, NJ). After centrifugation at 300×g for 10 min, the cell suspension was re-suspended for an equilibrium centrifugation using a Ficoll-Hypaque density gradient (Histopaque-1077 and Histopaque-1119, Sigma-Aldrich, St. Louis, MO) at 700×g for 30 min. PMNs were collected at the interface between the two layers, washed twice and then maintained in DPBS with 0.5% BSA at 4°C before use.
Purification of murine LSECs and KCs
Primary LSECs and KCs were isolated from 8 to 12-week-old male C57BL/6 mice. Briefly, the liver from an anaesthetized mouse was perfused via the portal vein sequentially with balanced salt solution containing 5 mM glucose, 0.01% sodium heparin, and 5 mM EGTA and high glucose DMEM medium containing 4 mM CaCl 2 , 2% FBS and 0.05% collagenase IV (Sigma-Aldrich, St. Louis, MO) at a flow rate of 5 ml/min for 5 min, respectively. Then the liver was harvested in high glucose DMEM medium and minced into small pieces. The undigested tissue fragments were removed by filtration through a cell strainer (200 µm). The cell suspension was centrifuged at 54×g for 3 min twice and the hepatocytes in the sediment were discarded in each centrifugation. The supernatant was finally collected and centrifuged at 500×g for 8 min. Those non-parenchymal cells (NPCs) in the pack were resuspended with 3 ml of 24% Optiprep™ solution (Axis-Shield, Norway) in high glucose DMEM medium, followed by 3 ml 17.6%, 3 ml 11.7% and 2 ml 0% Optiprep™ solution in high glucose DMEM medium loaded on cell suspension carefully and orderly for density gradient equilibrium centrifugation at 1400×g for 18 min at 20°C without brake. 
Live-cell flow chamber assay
A circular GlycoTech flow cell system (Gaithersburg, MD) was used to test PMN adhesion, crawling, transmigration and shear resistance on LSECs alone or co-cultured with KCs (Fig. 1A) . Shear flow was applied by a PHD22/2000 syringe pump (Harvard Apparatus, MA). Different shear stresses were acquired by setting corresponding volumetric flow rates and calculated from the following equation: τ=6µQ/h 2 w, where τ is the wall shear stress, µ is the medium viscosity at 20
• C, Q is volumetric flow rate, and h and w are the channel height and width, respectively. Cultured cell monolayer or mixture was stimulated by 100 ng/ml TNF-α for 12 h and assembled into the flow cell system with a flow zone size of 20×5×0.254 mm. Immediately before the test, isolated PMNs were re-suspended in migration buffer (phenol red-free HBSS supplemented with Ca 2+ and Mg 2+ and 1% BSA) and stimulated with 1 μM fMLF at 37°C and 5% CO 2 for 20 min. In some cases, fMLFtreated PMNs were pre-incubated with anti-Mac-1, anti-LFA-1 or anti-CD44 blocking mAbs. These resting or pretreated PMNs (2×10 6 /ml)
were then perfused over pre-formed LSEC monolayer and accumulated for 8 min at a shear stress of 0.1 dyne/cm 2 . Then, the adhesion and crawling dynamics of PMNs on LSECs monolayer was recorded at 1 dyne/cm 2 at 20× objective by a CCD camera for 30 min. Images were taken from the video every 15 s and analyzed using the Manual Tracking Plugin interfaced with Image J software (National Institutes of Health, Bethesda, MD). Cell crawling parameters were calculated off-line from the acquired data using the Chemotaxis and Migration Tool 2.0 (IBIDI, Martinsried, Germany). For testing shear-resistant PMN adhesion, the shear stress was increased stepwise from 1 to 2, 4, 8, 16, 32, 64 dyne/cm 2 for 30 s each.
Remaining adherent PMNs on LSEC monolayer were recorded at 10× objective by a CCD camera and counted using Image J software. The normalized adhesion fraction was calculated by dividing the number of adherent PMNs at the endpoint of each shear phase by the number at the endpoint of 1 dyne/cm 2 . For defining the PMN transmigration dynamics, the time-lapse images were analyzed offline frame-by-frame every 5 s. Here a transmigrated PMN was determined by its color change from bright to black when it is transmigrating cross the monolayer. The time interval between the frame that the cell's color starts changing and the frame that the color has changed to be completely black was defined as the transmigration duration of this transmigrating cell. The numbers of transmigrated cells and total adherent cells were then counted and the percentage of PMN transmigration was calculated by dividing transmigrated cell number by total adherent cell number.
Confocal microscopy
LSECs co-cultured with KCs in dish were fixed with 4% paraformaldehyde in DPBS at room temperature for 15 min. After being washed 3 times with DPBS, the samples were blocked at 4°C overnight in DPBS containing 1% BSA and then incubated with FITC-conjugated anti-CD146 mAbs for LSECs or PE-conjugated anti-F4/80 mAbs for KCs at 37°C for 2 h. Washed samples were imaged using confocal laser-scanning microscopy (Zeiss LSM710, Germany).
Scanning electron microscopy
LSECs cultured at 24 h or 72 h were fixed with 2.5% glutaraldehyde in DPBS at room temperature for 2 h. After being rinsed 3 times with DPBS, the samples were dehydrated with ethanol gradient (50%, 70%, 80%, 90%, and 100%) for 10 min in each concentration. Collected samples were dried by a critical point dryer (Balzers CPD 030) and imaged by scanning electron microscope (KYKY-EM8000F, China).
Adhesive molecule expression
Expressions of LFA-1, Mac-1, and CD44 on PMNs and of ICAM-1 on LSECs were tested via flow cytometry (BD FACSCanto™ II, San Jose, CA). PMN suspension was incubated with 10 μg/ml of FITCconjugated anti-mouse CD11b (M1/70), 10 μg/ml of FITC-conjugated anti-mouse CD11a (M17/4), or 2.5 μg/ml of Alexa Fluor 647-conjugated anti-mouse CD44 (1M7) mAbs at 4
• C for 45 min. Cultured LSECs were digested with trypsin and incubated with 10 μg/ml of APCconjugated anti-mouse CD54 mAbs. In some cases, PMNs were activated with 1 μM of fMLP for 20 min and LSECs were stimulated with 100 ng/ml of TNF-α for 12 h before test. Corresponding isotypematch antibodies were used as control.
Statistical analysis
Student's t-test or Mann-Whitney test was performed, depending on whether the data pass the normality test for two-group comparison. One-way ANOVA test followed by Newman-Keuls test was used for multiple-group comparison, while non-parametric Kruskal-Wallis test followed by Dunn's test was applied when the data cannot pass the normality test. Two-way ANOVA test followed by Newman-Keuls test was conducted for comparing the effects between adhesion molecule blocking groups and over multiple shear stress phases. multiple-group comparison with two parameters changed. P value was calculated using the corresponding statistical tests and considered statistically significant when P < 0.05.
Results
Establishment of a 2D in vitro liver sinusoid model
To test PMN recruitment under shear flow in liver microvasculature in vitro, we established a parallel flow chamber system containing a cell monolayer, a syringe pump and required valves to perfuse PMNs under shear flow, and a microscope with a CCD camera to visualize and record the interplay between PMNs and LSECs or LSECs co-cultured with KCs (Fig. 1A) . Primary LSECs and KCs were isolated from C57BL/ 6 mice and cultured in a 35 mm culture dish. These cells were well identified by anti-CD146 mAb for LSECs and anti-F4/80 for KCs, respectively (Fig. 1B) . Here LSECs tended to form an interconnecting monolayer and KCs were discretely distributed onto or in between LSECs. More importantly, numerous fenestrae were observed from SEM images on the surface of cultured LSECs, confirming their specific morphological features (Fig. 1C-D) .
Sufficient expression of cell adhesive molecules is prerequisite to initiate the adhesion of PMNs to LSEC monolayer. To mimic those in vivo inflammatory stimuli, the LSEC monolayer was stimulated by 100 ng/ml TNF-α for 12 h and PMNs were stimulated by 1 mM fMLF for 20 min. It was found that ICAM-1 expression was significantly upregulated by TNF-α stimulation (Fig. 1E) . Mac-1 expression on PMNs was dramatically increased by fMLF stimulation, while LFA-1 and CD44 expressions were not affected ( Fig. 1F-H) . These results provided a working model of peripherical PMNs and resident hepatic cells from the same species for understanding flow-induced PMN adhesion and crawling.
Adhesion of PMNs on LSEC monolayer is LFA-1 dependent
We first tested PMN adhesion on LSEC monolayer by counting the accumulative number of adherent cells at a given shear stress. It was indicated that fMLF and TNF-α stimuli on respective PMNs and LSECs significantly enhanced PMN adhesion on LSEC monolayer compared with resting control ( Fig. 2A-B) , as expected. Since different cellular adhesive molecules on PMN surface are involved in PMN recruitment in the liver sinusoid under various pathological conditions [18, 25, 27, 33] , we further tested the dominance of those related molecules by blocking LFA-1, Mac-1, or CD44 respectively. Under inflammatory stimulation, PMN adhesion on LSEC monolayer was reduced significantly by LFA-1 blocking but remained unchanged by Mac-1 or CD44 blocking compared with resting PMNs (Fig. 2B-E) . These findings suggest that LFA-1 plays an important role in PMN adhesion on LSEC monolayer while Mac-1 and CD44 have little effect, at least, in this 2D in vitro model.
In those pathological conditions such as liver fibrosis and cirrhosis, the patients may appear portal hypertension that result in a higher shear stress in the sinusoids. Thus, we applied a living-cell flow chamber system to test the dynamics of shear resistant PMN adhesion on LSEC monolayer. Noting that the adherent cells were detached with the increased stress (Fig. 3A) , majority of adhered cells ( > 83 ± 3%) could resist the detachment at the shear stress of ≤16 dyne/cm 2 , but a high fraction of adherent cells ( > 35 ± 6%) were flushed away when the stress was lifted to 32 dyne/cm 2 or even larger (cycles; Fig. 3B ).
Blocking the adhesion molecules expressed on PMNs with anit-LFA-1 (squares), anti-Mac-1 (triangles) or anti-CD44 mAbs (diamonds) likely lowered the normalized adhesion fraction (Fig. 3B) . Specifically, the fraction was comparable among the four groups when shear stress was relatively small (1-8 dyne/cm 2 ). The roles of adhesion molecules started to take effect when the stress was increased to 16 dyne/cm 2 , where the fraction was reduced from 83 ± 3% in resting control to 69 ± 8% in LFA-1 blocking group. The significant role of LFA-1 was also verified by the lowest fraction at 32 dyne/cm 2 (65 ± 6%, 48 ± 9%, 62 ± 7% and 61 ± 8% for resting control, LFA-1, Mac-1 and CD44 blocking, respectively) and 64 dyne/cm 2 (41 ± 8%, 28 ± 6%, 41 ± 7% and 44 ± 8% for resting control, LFA-1, Mac-1 and CD44 blocking respectively). This result suggests that LFA-1 is dominant in resisting relatively high shear stress (16, 32 and 64 dyne/cm 2 ) than Mac-1 and CD44. This finding is also consistent with the observation that rupture force between LFA-1 and ICAM-1 on LSECs is larger than that for Mac-1 (unpublished data).
Mac-1 but not LFA-1 and CD44 limited flow induced PMN crawling on LSEC monolayer
Once being arrested on LSEC monolayer, PMNs start to crawl along the monolayer in the presence of blood flow. We next tested the role of β2 integrins and CD44 in post-arrest PMN crawling. Here sequential images for fMLF-activated PMNs and TNF-α-stimulated LSECs were collected every 15 s at 1 dyne/cm 2 and then analyzed by defining the various parameters of crawling dynamics (Fig. 4A) . It was found that most arrested PMNs were able to crawl on the monolayer (supplemental video 1). Median crawling speed was significantly increased to 1.25-fold when blocking Mac-1 but not when blocking LFA-1 (0.90-fold) or CD44 (1.08-fold), as compared to that for resting control (Fig. 4B) . Taking the mean velocity vector into consideration, Mac-1 blocking also up-regulated the median crawling velocity to 1.43-fold while LFA-1 (0.92 fold) and CD44 blocking (1.06-fold) did not show obvious effects (Fig. 4C) . Thus, Mac-1s were dominant in decelerating either the scalar speed or the vectorial velocity of PMN crawling on LSEC monolayer. By contrast, LFA-1s and CD44s presented little effects in regulating PMN crawling speed. Supplementary material related to this article can be found online at doi:10.1016/j.yexcr.2017.01.002.
Directionality is also crucial to represent PMN crawling dynamics on LSECs. We calculated the forward migration index (FMI) to x-(along with flow) or y-axis (perpendicular to flow) and the directness of crawling PMNs. The xFMI was significantly higher than zero (Fig. 4D) while the yFMI was fluctuating around zero (Fig. 4E) , suggesting that PMNs intended to crawl along shear flow. Moreover, the xFMI (Fig. 4D ) was slightly but significantly enhanced and the directness (Fig. 4F ) was up-regulated when Mac-1s were blocked, implying that the existence of Mac-1s preferred to randomize PMN crawling along shear flow. By contrast, LFA-1 and CD44 were not strongly associated with crawling directionality since blocking these molecules showed little effects (Fig. 4D, F) . These observations were supported by crawling trajectories of individual PMNs (Fig. 4G) , where PMNs tended to crawl along flow direction with high fluctuation for resting control, LFA-1-, or CD44-blocked PMNs but with low fluctuation for Mac-1-blocked cells. Taken together, Mac-1s were found to brake PMN crawling and randomize PMN crawling on LSEC monolayer but LFA-1 and CD44 played little roles in PMN crawling.
PMN transmigration is independent on β2 integrin and CD44
Crawling PMNs are able to find the site for transmigrating cross LESC monolayer. As demonstrated in Fig. 5A , a fMLF-activated, adherent PMN usually takes about 0.4-27.4 min to reach the transmigrating site on TNF-α-stimulated LSEC monolayer in a flow-directed, curved trajectory. Although it is impossible to monitor the entire crawling duration of each transmigrating cell in a limited imaging window, we simply tested the crawling duration, the time interval from the starting point of imaging to the endpoint at the transmigrating site using an ensemble of crawling cells, in each case. It was indicated that the mean crawling duration was 13.3 ± 1.3, 11.2 ± 1.3, 12.1 ± 1.1, and 10.1 ± 1.1 min for resting control and those of LFA-1, Mac-1, and CD44-blocked PMNs, respectively (Fig. 5B) . No statistical difference was found between any two of four groups, suggesting that any one of the three molecules is able to affect the crawling duration.
We also compared a key dynamic parameter of transmigrating duration, defined as the interval from the time point the cell arrives at the site to the endpoint it accomplishes the transmigration underneath LSEC monolayer. Again, the transmigration duration was not significantly affected when blocking LFA-1, Mac-1 or CD44 compared to control, yielding 2.4 ± 0.3, 2.1 ± 0.2, 1.9 ± 0.3, and 2.1 ± 0.2 min for resting control and those LFA-1-Mac-1-, and CD44-blocked PMNs, respectively (Fig. 5C) . We also tested the ensemble features of PMN transmigration by comparing the fraction of transmigrated cells to total adherent cells. The percentage of cell transmigration was comparable for resting control (6.1 ± 1.6%) and for LFA-1-(5.6 ± 1.9%), Mac-1-(7.4 ± 2.0%), CD44-blocked (5.5 ± 2.4%) PMNs (Fig. 5D) . These results suggest that PMN transmigration on our 2D liver sinusoid model is not able to be mediated by LFA-1, Mac-1 or CD44 alone. 
H. Yang et al. Experimental Cell Research 351 (2017) 91-99
PMN adhesion and crawling on LSECs alone or LSECs cocultured with KCs were similar
In physiological condition, the liver sinusoid is mainly lined with LSECs and KCs. To define the role of KCs in PMN recruitment inside the sinusoids, we further compared PMN adhesion and crawling on LSECs alone or LSECs co-cultured with KCs. For this purpose, isolated LSECs and KCs were mixed and co-cultured at a physiological ratio of 2:1 and stimulated with 100 ng/ml of TNF-α for 12 h before exposing to shear flow. It was shown that the number of fMLF activated PMNs adhering on LSEC monolayer or LSEC-KC co-culture was comparable (Fig. 6A) . PMN crawling speed, velocity and xFMI were slightly reduced without significant differences when KCs were presented on the monolayer (Fig. 6B-D) . Similar with that on LSEC monolayer alone, xFMI of crawling PMNs on LSEC-KC monolayer was dramatically higher than zero while yFMI was equal to zero (Fig. 6D, E) . Thus, coculture of LSECs with KCs followed similar pattern of flow-directed cell crawling in a physiologically-mimicking cell composition. An exceptional case lied in significantly reduced median directness from 0.40 for LSECs alone to 0.35 for adding KCs in LSEC monolayer (Fig. 6F) , implying that PMNs crawled more randomly on LSECs co-cultured with KCs than LSECs alone (supplemental video 1). To investigate which adhesion molecule induces such the effect, we compared the crawling directness between LSEC co-cultured with KCs and LSECs alone when blocking LFA-1, Mac-1 and CD44 respectively. The downregulation of the directness in the presence of KCs disappeared in LFA-1 blocking group but remained unchanged in other three groups (Fig. 6F) , implying that LFA-1s on PMN interacting with its ligands on KC might mediate the more random crawling on LSECs co-cultured with KCs. These results indicated that LSECs alone are sufficiently enough to undertake PMN adhesion and crawling in the liver sinusoid and the interplay between KCs and PMNs mediates highly randomized crawling to the flow direction.
Discussions
The recruitment of PMN is a core event during inflammation and cellular adhesive molecules play critical roles in PMN adhesion and crawling under blood flow. This process is specialized in the liver sinusoid due to its complexity of permeable blood flow and multi-typed cell composition. Here we set up a live-cell flow chamber system to investigate the dynamic features of PMN adhesion, crawling and transmigration under physiological flow on primary LSEC monolayer and adhesive molecules involved in these processes. This approach H. Yang et al. Experimental Cell Research 351 (2017) [91] [92] [93] [94] [95] [96] [97] [98] [99] provides an in vitro platform to understand the biomechanics of PMNs interacting with hepatic cells in the sinusoids. Methodologically, liver-specific in vitro microvascular model is difficult to establish. On one hand, isolated primary LSECs quickly lose their phenotype, as seen that rat LSECs cultured in vitro could maintain their fenestra phenotype within 3 days [34] [35] [36] . In our mouse LSEC model, the expression of LSEC marker CD146 (Fig. 1B) and the presence of their fenestration phenotype were maintained well within experimental duration (Fig. 1C-D) , which makes this in vitro sinusoidal model workable, at least, in the functional tests reported here. On the other hand, classical multistep cascade of PMN recruitment is well studied using in vitro flow chamber assay and also verified by in vivo intravital microscopy on mesenteric and cremasteric microvasculature [37] . Recently, more and more tissue-specific evidences were obtained from in vivo intravital observations for such the organs as brain, liver, lung, and kidney, which has emerged new mechanisms of PMN recruitment different from the classical one [38, 39] . Additionally, several in vitro flow tests were applied to elucidate the mechanisms of PMN recruitment on primary tissue-specific endothelial cells under shear flow or other mechanical or biochemical stimuli [28, 32, 40] .
It has long been noticed that leukocytes tend to be physically trapped in liver sinusoids, mainly due to the comparable sizes between cell diameter and sinusoidal height. Thus the recruitment of PMNs in liver sinusoids is assumed to be independent on traditional adhesive molecules of E-selectin, P-selectin, β2 integrin, and α4 integrin [14, 20, 22] . These observations are recently challenged by the facts that leukocyte recruitment to the liver sinusoids is also related to different adhesive molecules including α4 integrin for Th1 cells, vascular adhesion protein 1 (VAP-1) for Th2 cells, β2 integrin for CD 8+ T cells, and CD44 for monocytes [41] [42] [43] . Specifically, CD44 and HA interactions mediate PMN adhesion in liver sinusoids under LPSinduced inflammation while Mac-1, but not LFA-1, and ICAM-1 bindings dominate the adhesion during fMLF or myxoma virusinduced inflammation [18, 25] . Intriguingly, our data indicated that LFA-1 dominates the adhesion at low shear stress of 1 dyne/cm 2 and also plays an important role in shear resistant adhesion at higher shear stress, while Mac-1 and CD44 display little roles in PMN adhesion (Figs. 2 and 3 ). This is not surprised since, unlike those in vivo conditions where the narrow luminal space of the sinusoid provides potential mechanical obstruction, the current in vitro model yielded a relatively unlimited space so that arrested PMNs need to resist the external shear stress through adhesive molecules. This interpretation is also supported by higher mechanical strength of LFA-1s than that Mac1s when their counter-receptor of ICAM-1 is presented on LSEC surface (unpublished data), suggesting that LFA-1 could provide sufficient forces to resist the shear stress during PMN adhesion. Following up the adhesion on endothelial cells, PMNs sequentially crawl on the luminal surface to the transmigration site. Mac-1 is thought to be the dominant molecule mediating PMN crawling since Mac-1 blocking reduces its crawling speed in vivo within liver sinusoids and other microcirculation [25, 30, 31] . Here our results indicated that PMN crawling speed and velocity on LSECs were enhanced after Mac-1 blocking (Fig. 4B-C) . Moreover, PMN crawling tended to align along flow direction by Mac-1 blocking (Fig. 4D-E) , implying that the presence of Mac-1 randomizes the crawling directionality in liver sinusoids under shear flow. Generally, blood flow drives PMN movement inside microvasculature and β2 integrins on PMNs bind to their counter-receptors on endothelium for providing mechanical forces to resist PMN crawling along the flow. However, the roles of these adhesive molecules in PMN crawling are tissue-specific and highly depend on localized physiological structure and mechanical microenvironment. For example, PMN crawling velocity and the corresponding xFMI value on primary brain endothelial cells are enhanced when the adhesive molecules of β2 integrins, ICAM-1, and ICAM-2 are knocked out [28] . This is mainly because PMNs can flow and crawl over compact blood brain barrier without physical refinement and their mechanical resistance derived from bond forces of these molecular interactions can slow down PMN movement. By contrast, physical constriction of PMN movement in in vivo liver sinusoids or under in vitro static condition coordinates with these bond forces and then induces PMN crawling on LSEC monolayer at an appropriate velocity. Thus, our in vitro tests specify the respective roles of Mac-1 in crawling speed/velocity and directionality. Finally, PMNs transmigrate across LSEC monolayer to the inflamed liver tissue. In the current experimental set-up, PMN transmigration was not influenced by blocking β2 integrins or CD44 (Fig. 5) , probably because one of the three receptors cannot function alone in transmigration [44] . It should be pointed out that PMN adhesion and crawling in in vivo liver sinusoids are much more complicated since multiple hepatic cells are presented inside the sinusoids under either quiescent or stimulated conditions. One example is to test potential roles of KC presence since KCs work cooperatively with LSECs to line up the sinusoids, which may also regulate PMN recruitment. Our data indicated that, at the given experimental setting, the mixed LSEC and KC monolayer has little effects on PMN recruitment except of more randomized crawling (Fig. 6) . While elucidating the underlying signaling mechanisms is beyond the scope of the current work, one possible explanation is that extra KC numbers provide additional mechanical obstacle to the alignment of crawling PMNs under shear flow. Another example is to test the specificity of PMN recruitment on hepatic inflammatory cascade and understand the respective roles of these adhesive molecules using physiologically-mimicking stimulators. Our results demonstrated that TNF-α-induced primary LSECs can arrest large amount of fMLF-activated PMNs under physiological flow, in which LFA-1s provide major shear-resistance of PMNs adhesion while Mac-1 play roles in constraining crawling speed/velocity and directionality (Figs. 2-4) . While further systematic studies are required to elucidate the roles of different cell composition under various cytokines or chemokines, these tests provided the cues to quantify PMN recruitment in liver sinusoids under physiologically-like microenvironment.
In conclusion, we investigated the dynamics of shear-induced PMN adhesion, crawling and transmigration on primary LSEC monolayer and the adhesive molecules involved. Our data indicated that LFA-1, but not Mac-1 and CD44, is positively dominant in static or shearresistant PMN adhesion on LESCs. Mac-1, but not LFA-1 or CD44, is negatively dominant in PMN crawling velocity and directionality on LESCs. LFA-1, Mac-1, or CD44 has no effects in PMN transmigration presumably attributed to the incapability of any one of the three receptors alone. Moreover, KC presence only enhances randomized crawling but is not associated with cell adhesion and crawling dynamics. These results specify the functionality of respective receptors in liver sinusoids.
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